Abstract: Shiitake (Lentinula edodes (Berk.) Pegler) mushrooms have a reputation as a healthy food, in part from the abundance of different polysaccharides that may have functional food activities. However, the total polysaccharide content of mushrooms may not represent the functional food activity if they contain significant concentrations of starch. There are few reports characterizing the starch content of shiitakes. This report summarizes several studies that examined the effects of shiitake strains, mushroom cap development, inoculated tree log species, and length of saprophytic association on the starch concentrations. Starch concentrations in shiitake mushrooms varied between 20 and 100 mg g -1 tissue (dry weight basis). Results indicate that the starch concentrations in shiitake mushrooms are influenced by the spawn source, the characteristics of the environment and the interaction between fungal phenotypes and environment. General trends include: 1) mushrooms harvested at more immature stages of development (during bud break or before veil break) tended to have lower starch concentrations; and 2) the initial harvests of mushrooms from an inoculated log tended to have higher starch concentrations.
INTRODUCTION
Shiitake (Lentinula edodes (Berk.) Pegler) mushroom production in the United States has expanded several-fold over the last 30 years [1] . Demand for shiitakes as food and as health promoting products has also increased. Worldwide sales of medicinal mushroom products in 2000 exceeded $US 10 billion [2] . Worldwide sales of medicinal mushroom products have probably increased since 2003, when skin care products made from shiitakes were first sold [3] . Sales of medicinal mushrooms in the United States are only a fraction of the worldwide market, estimated to be only $US 40 million in 2006 [4] . Likewise, production of American medicinal mushrooms, estimated to be 4,000 Mg in 2006, was only a fraction of the 400,000 Mg of Agaricus species produced that year [4] . However, large increases in medicinal mushroom production were noted between 2005 and 2006 . Shiitakes represented about half of the non-Agaricus mushroom production in the United States between 2007 and 2009 [5] .
Fungal polysaccharides have been identified as promoting human health [6] . One of the reported beneficial effects of fungal glucans is stimulation of the immune system [7] [8] [9] . Sales of mushroom-based immune boosters *Address correspondence to this author at Conservation and Production Research Laboratory, ARS-USDA, PO Drawer 10, 2300 Experiment Station Rd, Bushland TX 79012, USA; Tel: 806-356-5769; Fax: 806-356-5750 E-mail: david.brauer@ars.usda.gov increased three-fold in one year from 2002 to 2003 [10] . Lentinan, water-soluble β-glucan from shiitake, has received considerable attention because of its reported health promoting activities [7] [8] [9] 11] . Shiitakes may contain other glucans with health-promoting properties, but specific constituents have not yet been identified. Marketers of mushroom products often report the polysaccharide content of their mushroom products as an indicator of the products' functional food activity [12] . However, such polysaccharide measurements may not be indicators of functional food activity if shiitake mushrooms or resulting products are high in polysaccharides like starch and glycogen that have little functional food activity [13] .
In the past decade information on the carbohydrate content and characteristics of edible mushrooms has increased. In a review of nutritional properties of shiitake, Wasser [14] concludes that approximately 60% of the dry weight of shiitake mushrooms is total carbohydrate, whereas only 10% is crude fiber. Similarly, Manzi et al. [15] reported that the total carbohydrates of commonly consumed mushrooms in Italy (Agaricus bisporus, Pleurotus ostreatus and Boletus species) varied between 60 and 70% of dry weight. Singh et al. [16] reported that the total carbohydrate fraction of loggrown shiitake mushrooms in India were slightly higher, ranging from 67 to 78% of dry weight, but the concentration of crude fiber was similar to that in [14] , 7 to 8% of dry weight. Several studies [17] [18] [19] [20] [21] have examined the total carbohydrate content of wild edible mushrooms from Portugal and the value for this fraction varied greatly among the species from a low of approximately 10% in Lepista inverse to a high of approximately 55% in Hygrophoropsis aurantiace. In all of these studies, total carbohydrate was calculated by the difference between dry matter and the sum of crude protein, fat and ash content.
Cellulose and chitin are believed to be important contributors to the total carbohydrate fraction in mushrooms. Jiang et al. [22] found that chitin and cellulose comprised 10 to 20 and 3 to 9 % of the dry weight, respectively. Vetter [23] found similar values for chitin in shiitake mushrooms and reported that the chitin content varied little among different samples.
Water-soluble carbohydrates are usually a minor constituent of mushrooms, representing 1 to 5% of the dry weight [14] . Reducing sugars tend to be less than 1% of the dry weight of shiitake mushrooms [14] . Total concentrations of soluble sugars tend to be somewhat higher, averaging between 1 and 5% of dry weight. Mannitol and trehalose tend to be the dominant soluble sugars in mushrooms [24, 25] . Detectable concentrations of arabinose (>0.5% of dry weight) have been reported in three of ten edible mushroom species collected in Portugal [24] . Soluble sugars were found to be a minor constituent (<5% of dry weight) of ten mushroom species commonly eaten in Korea [25] . It seems unlikely that sugars alone represent the difference between the total carbohydrate fraction and the amount of carbohydrates presented in chitin and cellulose.
Fungi are known to produce glucose based polysaccharides like starch and glycogen, and carbohydrates in these polysaccharides may contribute to the total carbohydrate content. However, there are few reports regarding the starch and/or glycogen content of shiitake mushrooms. Dikeman et al. [26] reported that starch can be relatively abundant in shiitakes. Cooked mature and immature shiitake mushrooms contained slightly more than 20% of dry weight as starch as determined by amyloglucosidase digestion. Some fungi produce glycogen [27] ; however, data on its abundance in shiitakes are lacking. Information on starch and glycogen content in edible mushrooms is generally unavailable. The objective of this study was to provide data on the starch content of log-grown mushrooms produced under a variety of conditions.
MATERIALS AND METHODS

Log Grown Shiitake Production Method
Spawn sources were obtained from Field and Forest Products 1 (Peshtigo, Wisconsin, USA). Many of the tested spawn are not commercially available as of May 1, 2011. Log-grown mushrooms were grown in Shirley, Arkansas, USA (approximately N35.655 W92.318) under typical commercial production methods, which were similar for all of the studies described later. Inoculation was accomplished using sawdust spawn inserted into 1.2 cm (diameter) x 2.5 cm (depth) holes drilled into logs in a diamond pattern configuration (15-22 cm x 4-5 cm). Inoculated holes were then sealed with food-grade cheese-wax heated to approximately 190 o C. Logs averaged approximately 100 cm in length and 10 to 15 cm in diameter. Logs were cut green from forest trees after leaf drop in the fall but before bud break in the spring (i.e., mid-November to late March). Except where noted, logs were cut from white oak (Quercus alba L.) trees.
The initial growing conditions involved outdoor incubation in a tight lean-to stack on a northern exposure and covered with Eastern Red Cedar (Juniperus virginiana var. virginiana) boughs to provide approximately 90% shade. Lean-to stacks were maintained for approximately nine months and hydrated periodically with watering using Rainbird™ sprinklers (25PJDA-C impact sprinkler, San Diego, California, USA). Initial pinning began typically during the September and October immediately following inoculation. At that time, logs were moved to a denselyshaded, deciduous tree stand and stacked in "A-frames" (Fig.  1 ). Logs were left in this position to fruit (produce mushrooms) naturally outdoors. Fruiting usually occurred immediately following a heavy rainfall event at suitable ambient temperatures. Mushroom caps typically were collected at one of three development stages: bud, veil break, and open. Bud stage refers to the initial mushroom cap appearance. Buds are formed and visible when the cap is swollen and distinct from its stalk. Buds are usually dome-shaped between 1 and 2 cm in diameter. Veil break refers to the stage of mushroom development where the universal veil begins to open and separate from the stalk, exposing the gills or lamellae. At veil break, the cap continues to be dome-shaped. The mushroom cap is flat and the outside edges are slightly curled with the gills clearly exposed at the fully open stage. Over 3,000 logs were inoculated for the studies described below. All experiments had three replications with each replication representing over 30 logs.
Shiitake Strain Comparisons
This study compared the production of starch by 11 shiitake strains growing on white oak logs. [28] . This represented the second mushrooms from these logs.
Starch data were statistically analyzed as a completely randomized block design with shiitake strains as the main effect using PROC GLM of SAS [29] . The F-value for the effects of strains had 10 and 32 degrees of freedom (DF) in the nominator and denominator, respectively. Least square means and standard errors (LSSE) were calculated from PROC GLM [29] .
Effects of Log Species Study
The effects of tree log species on the starch concentrations were assessed with three shiitake strains, Night Velvet, Snowcap, and Westwind and logs harvested from white oak and sweet gum (Liquidambar styraciflua L.) trees. Logs were inoculated between January 2003 and February Samples were processed and analyzed for starch as described below. Analysis of variance was conducted using a completely randomized block design with log species, shiitake strains, and cap development as main effects using PROC GLM of SAS [29] . Least square means and LSSE were used for mean comparisons where F-values were significant at P < 0.05.
Mushroom Development/Maturation Studies
Mushrooms representing bud, veil break, and open developmental stages were collected from the second and third harvests of white oak logs inoculated with one of five shiitake strains ( Table 1 Table 1) .
Data from the five strains and two harvests were statistically analyzed using the two harvests as repeated measures, and strains and cap development stage as main effects. Repeated measures analysis of variance was conducted using PROC MIXED of SAS [29] . DF for the main effects of harvests, shiitake strains and stages of mushroom development were 1, 4, and 2 respectively. DF for the error term were 68. Least square means and LSSE were computed by PROC MIXED of SAS [29] .
Length of Saprophytic Association Study
Two shiitake strains were used to inoculate white oak log for an experiment to assess the effects of the length of saprophytic association on starch concentrations. The two strains were 569-430, a wide range strain, and NN-430, a cold weather strain. Logs were inoculated in June of 2004, between January and March of 2006, and December of 2006. Inoculated logs were allowed to fruit in response to existing environmental conditions. Thus, at the beginning of 2008, logs from these three inoculations represented a range of saprophytic degradation of two to four years. Only mushroom caps in the bud stage were harvested ( Table 1) and processed for starch content. Data were analyzed as a completely randomized block design with strains and time after inoculation as main effects using PROC GLM of SAS [29] . Least square means and LSSE were used for mean comparison when F-values indicate a significant effect.
Sample Processing and Polysaccharide Analyses
Immediately after harvesting, mushrooms were sliced and then dried at room temperature (20 to 22 o C) with circulating air in an industrial type food drier (Professional Model FD-108, MarVlizer, Madison Wisconsin, USA). Once dry, samples were ground to a powder (20 mesh) using grinding mill (Model 4-E, Straub, Hatboro, Pennsylvania, USA) and stored at -20 o C until analyses for polysaccharides. All samples from a harvest period were collected and processed prior to analyses.
Starch concentrations were determined by amyloglucosidase/α-amylase method [16] using the ethanol/water extractant. Further details on the procedure can be found in Brauer et al. [30, 31] . Duplicate determinations were routinely performed on each sample. Additional replicates of analyses were performed until a coefficient of variation among analyses for a sample's starch content was less than 5%. Starch content was not significantly different among sub-samples that were dried either with room temperature air as described above or by lyophilization using a VirTis TM Benchtop SLC model #6KBTES-55 apparatus (SP Industries, Gardiner, New York, USA) operating with a vacuum of equal to or less than 0.03 atmospheres and a condenser temperature of -55 o C (data not shown). Starch concentrations are expressed on a dry weight basis.
RESULTS AND DISCUSSION
Shiitake Strain Comparisons
Starch concentrations in mushrooms collected from 11 strains in the fall of 2005 averaged 50 mg g -1 or 5 % of dry weight. This value is slightly less than reported previously by Dikeman et al. [26] , but significantly higher than the values reported by Wasser [14] for water soluble carbohydrates. The higher value here for starch than the previously reported values for water soluble carbohydrates may indicate that some of the starch in shiitake mushrooms are not readily soluble in water. The extraction in the current study included ethanol. A previous study by us indicated that starch values were not significantly different when mushrooms were extracted with water and ethanol or dimethylsulphoxide [31] . The values reported herein for starch indicate that starch is a significant contributor to the total carbohydrate fraction and in greater concentrations than soluble or reducing sugars, which tend to account for less than 5% if mushroom's dry weight [14, 24, 25] . Concentrations of starch reported here and previously [26] greatly exceeded concentrations previously reported for a lentinan containing fraction [8, 31] and β-glucans [32] . 
Effect of Log Species
The starch content of mushrooms harvested in the fall of 2005 was significantly affected by the main effects of log species (sweet gum versus oak) and shiitake strains ( Table  2 ). All interactions among log species, cap development stages, and shiitake strains had significant F-values ( Table  2) . Mushrooms from inoculated sweet gum logs had significantly higher concentrations of starch compared to inoculated oak logs, 58.9 + 1.8 (LSSE) compared to 50.8 + 1.8 (LSSE) when data were averaged across three shiitake strains and three stages of cap development. Previous results by us indicated that tree log species significantly affected concentrations of a fraction that includes lentinan [30] . Mushrooms from logs inoculated with the Westwind shiitake strain highest mean concentration of starch, averaging 75.5 + 2.2 mg starch g -1 when averaged across two tree log species and three cap developmental stages, whereas logs inoculated with SnowCap had the lowest mean concentration of starch, 30.9 + 2.2 (LSSE) mg g -1 . Concentrations for Night Velvet strain were intermediate, averaging 58.3 + 2.2 mg starch g -1 . When data were averaged over strains and tree log inoculated, starch concentrations were not significantly affected by developmental stage in this study ( Table 2) .
Although the trends among the main effects were highly significant, there were highly significant interactions among the main effects of tree log species, shiitake strains, and mushroom developmental stage ( Table 2) . Means in Table 3 capture the complexity of these interactions. When logs from either sweet gum or oak trees were inoculated with the shiitake strain Night Velvet, there were decreases in starch concentrations as mushrooms matured from the bud stage to fully open. Similarly, when sweet gum logs were inoculated with the shiitake strain Westwind, starch concentrations declined as mushrooms matured from veil break to fully open. When oak logs were inoculated with Westwind, starch content increased as mushrooms matured beyond the bud stage. Fully open mushrooms from sweet gum logs inoculated with the shiitake strain Snowcap had higher concentrations of starch than mushrooms harvested at either bud or veil break. Starch concentrations were relatively low in Snowcap mushrooms from oak logs, independent of stage of cap maturation. 
Shiitake Mushroom Development/Maturation Studies
The effects of development stage of the mushroom on the concentrations of starch were further studied in an experiment, in which mushrooms from five strains and two harvests were analyzed. In this experiment, starch concentrations were significantly (P < 0.001) affected by the main effects of harvests (F-value = 7.76), shiitake strains (F-value = 54.1), and developmental stages of the mushroom (F-value = 10.3). The interaction between strains and developmental stages was also significant (F-value = 4.6; P < 0.01). The overall mean for starch concentration in the third harvest was significantly lower than for the second harvest, 48.2 versus 30.1 mg starch g -1 (LSSE = 1.4 mg g -1 ).
In general, across the three cap developmental stages, starch concentrations tended to be least when mushrooms were in the bud stage. Starch concentrations in the bud, veil break and fully open stages averaged 32.5, 43.5 and 41.5 mg g -1 , respectively (LSSE = 1.7 mg g -1 ) across the five strains. Similarly, Valdez-Morales et al. [33] reported that the carbohydrate content of huitlacoche (Ustilago maydis) varied with developmental stage of the fungi. Barros et al. [18] reported significant declines in total carbohydrates as fruiting bodies mature.
There was significant interaction between strain and developmental stage in this study. This interaction appears to originate from the fact that the starch content of mushrooms from strain 29-430 varied little with developmental stages, and in the other four strains starch content of mushrooms of were least in the bud stage.
Length of Saprophytic Association Study
The concentrations of starch in mushrooms collected at the bud break developmental stage in the spring of 2008 were significantly affected by length of the saprophytic association and the shiitake strain used to inoculate the logs ( Table 4) . Mushrooms from strain 569-430 had lower concentrations of starch than NN-430 when averaged across time after inoculation (26.7 and 44.3 mg g -1 ; LSSE of 0.6 mg g -1 ). Abbreviations: DF, degrees of freedom; MSS; Mean sum of squares. ***denotes that F-value was significant at P < 0.001.
When averaged across the two strains, starch concentrations decreased with increasing age of the saprophytic association. Caglarirmak [24] reported that crude protein content decreased with increasing harvests of Agraicus bisporus. However, the changes in starch concentrations with age or length of association were quite different between the two shiitake strains (Fig. 2) . There was a substantial and prog- ressive decline in starch concentrations with time after inoculation of logs with strain NN-430. Ahmend et al. [34] reported that the total carbohydrate fraction of Pleurotus florida (Mont.) increased as the fungi's substrate composition was altered. Therefore, the change in starch concentration in mushroom of strain NN-430 could reflect a change in the substrate available to the fungi as degradation of the tree log progressed. Starch concentrations of mushrooms of 569-430 peaked three years after inoculation with values after two and four years being very similar.
CONCLUSIONS
These results indicate that starch can be a significant component of shiitake mushrooms. Maximum starch concentrations observed in these studies exceeded 110 mg g -1 dry weight or approximately 10% of the mushroom's mass. This level of starch is consistent with the previous report [26] .
The results from this study also indicate that the concentrations of starch in shiitake mushrooms are influenced to a large degree by the fungal strains and the characteristics of the environment. Variations in starch content among shiitake strains varied over four-fold from lowest to highest levels during a fruiting. Characteristics of the environment including tree species used as substrate, mushroom cap development, and length of time after inoculation influenced starch concentrations. Despite the observed phenotype-environment interactions, some generalizations were revealed: 1) in most cases, as shiitake mushroom caps matured beyond the bud break stage, starch concentrations were higher; and 2) starch concentrations tended to decrease as the length of the saprophytic association increased.
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